1 Using low temperature electrical measurements, the interrelation between electron transport, magnetic properties, and ionic defect structure in complex oxide interface systems is investigated, focusing on NdGaO 3 /SrTiO 3 (100) interfaces. Field-dependent Hall characteristics (2 K − 300 K) are obtained for samples grown at various growth pressures.
Using low temperature electrical measurements, the interrelation between electron transport, magnetic properties, and ionic defect structure in complex oxide interface systems is investigated, focusing on NdGaO 3 /SrTiO 3 (100) interfaces. Field-dependent Hall characteristics (2 K − 300 K) are obtained for samples grown at various growth pressures.
In addition to multiple electron transport, interfacial magnetism is tracked exploiting the anomalous Hall effect (AHE). These two properties both contribute to a non-linearity in the field dependence of the Hall resistance, with multiple carrier conduction evident below 30 K and AHE at temperatures 10 K. Considering these two sources of non-linearity, we suggest a phenomenological model capturing the complex field dependence of the Hall characteristics in the low-temperature regime. Our model allows the extraction of the conventional transport parameters and a qualitative analysis of the magnetization. The electron mobility is found to decrease systematically with increasing growth pressure. This suggests dominant electron scattering by acceptor-type strontium vacancies incorporated during growth. The AHE scales with growth pressure. The most pronounced AHE is found at increased growth pressure and thus in the most defective, low-mobility samples, indicating a correlation between transport, magnetism, and cation defect concentration. a) gunkel@iwe.rwth-aachen.de
I. INTRODUCTION
The electron system emerging at interfaces between polar and non-polar oxides [1] [2] [3] shows fascinating properties such as metallicity, 1 superconductivtiy, 4 strong electron-correlations, and magnetic ordering. [5] [6] [7] [8] [9] [10] The understanding of these properties and in particular the interrelation between ionic defects and electronic/magnetic properties is extensively debated. To this end, it has been shown that gradual ionic defect distributions can cause space charges and inhomogeneous electronic carrier concentrations at oxide interfaces. [11] [12] [13] For the prototypical interface system LaAlO 3 /SrTiO 3 (LAO/STO), experimental and theoretical studies revealed a highly intricate band structure, [14] [15] [16] [17] orbital reconstructions and interactions accompanied with a similarly complex ionic defect structure. [18] [19] [20] [21] These features give rise to highly complex and unusual behavior of the magneto-resistance and the Hall effect at low temperatures. 10, 22, 23 It is generally accepted that the polar discontinuity at these interfaces drives a mixed ionic-electronic interface reconstruction. However, it is still a matter of debate how the ionic defect structure varies with growth parameters and/or post-deposition annealing procedures and how the resultant ionic defect structure affects electron transport. [19] [20] [21] 24 Another ongoing debate is the origin and nature of the interfacial magnetism in these systems. While some bulk 6, 8 and more surface sensitive 7, 25 methods have observed signatures of magnetism without being able to identify the elemental origin, x-ray magnetic circular dichroism has directly detected an in-plane magnetic moment on the Ti site in LAO/STO. 9, 10 However in other cases magnetism was not observed in LAO/STO 26, 27 , suggesting that the magnetism may be highly sensitive to sample growth conditions. Indeed the correlations between the electronic-ionic structure and the magnetic properties are still unclear. Theoretical studies have predicted both intrinsic and extrinsic origins for the magnetism at these oxide interfaces. [28] [29] [30] [31] In this study, we focus on the electronic and magnetic properties of NdGaO 3 /SrTiO 3 (NGO/STO) heterostructures. Sharing a similar ionic structure with LAO (A 3+ B 3+ O 3 ), NGO generally causes a similar interface reconstruction as LAO when grown on {100} STO. [32] [33] [34] However, NGO possesses Nd 3+ ions carrying a magnetic moment that is not present in LAO. (NGO is paramagnetic with an anti-ferromagnetic phase transition at about 1 K.) 35 Hence, NGO/STO is an interesting candidate system to induce, alter, or enhance interfacial magnetism in STO.
One route to indirectly access magnetism at the interface is by exploiting its influence on the magneto-transport due the anomalous Hall effect (AHE). 15, 16, 36, 37 The contribution of the anomalous Hall effect is proportional to the magnetization component perpendicular to the current flow, R AHE xy ∝ M z . The AHE is caused by scattering mechanisms other than the Lorentz force which have fundamentally different origin such as intrinsic, skew scattering, and side jump mechanisms. 36, 38, 39 The total Hall resistance is therefore given by
The conventional Hall effect, R NHE xy , allows the extraction of the electron concentration and electron Hall mobility yielding information about the defect structure of the sample. Therefore, a single transport measurement enables one to investigate 1) the ionic defect structure and 2) the magnetic properties of a specific NGO/STO interface. A comparison of these two properties in differently grown samples may yield a possible relation between the two.
In simple electronic systems, the field dependence of the AHE -and thus the field dependence of the magnetization, M z -can be extracted directly from Hall data by subtraction of a linear normal Hall component. 36, 40 However, in STO-based two-dimensional electron systems, the normal Hall effect itself can show a non-linear field dependence. 10, 16, [41] [42] [43] Therefore, the direct extraction of the AHE requires the appropriate modeling of the entire field-dependence of the Hall effect.
Here, we report on electronic transport measurements (2 K − 300 K) at the interface of NGO/STO heterostructures grown at various oxygen pressures. For electrical characterization, we used a standard Hall bar geometry with the external field B applied perpendicular to the NGO/STO interface. In order to account for a non-linear behavior of the Hall resistance we first apply a semi-classical model of multiple carrier conduction comprising two populations of electrons with concentrations (n 1 , n 2 ) and mobilities (µ 1 , µ 2 ), respectively, and discuss their dependence on growth pressure. We find that these transport parameters scale systematically with growth parameters providing important information about the ionic defect structure established during growth.
We then show that a correction term has to be introduced in order to account for an additional feature in the Hall coefficient arising below about 10 K. This correction term is attributed to the AHE associated with magnetic ordering at the NGO/STO interface. We suggest a phenomenological model and apply it to the entire B-field dependence of the Hall coefficient. Within this model we are able to extract the AHE component and its field and temperature dependence. It is found that the critical temperature at which the AHE arises, T c , as well as its magnitude can be controlled by the growth conditions during sample fabrication. The systematic trend found for samples grown at various oxygen partial pressure indicates a correlation between defect structure and AHE, and thus an influence of defect structure on the magnetic properties of the NGO/STO interface. In particular, we reveal a trend that excludes oxygen vacancies as the origin of magnetism in these samples. Our analysis represents the first comprehensive modeling of the entire non-linear behavior of the Hall effect in 2-dimensional electron gases (2DEGs) at oxide interfaces, involving both multiple channel conduction and magnetism.
II. SAMPLE PREPARATION
We deposited eight unit cells thick NGO films on TiO 2 -terminated {100} STO substrates by pulsed laser deposition (PLD) at a temperature of 700 • C and a laser fluence of 1.4 J/cm 2 . The deposition pressure, p dep , was varied from 1 × 10 −2 mbar to 4 × 10 −5 mbar oxygen. After deposition, the samples were cooled down at a constant rate of 10 K/min at the deposition pressure. In this way, the pO 2 -dependent thermodynamic state varies from sample to sample. 18, 20 As reference samples, we grew LAO/STO (700 • C, 1.9 J/cm 2 , p dep = 1 × 10 −3 mbar) and LaGaO 3 (LGO)/STO (700 • C, 1.4 J/cm 2 , p dep = 4 × 10 −5 mbar) samples. For all deposition conditions and materials, reflection high-energy electron diffraction intensity oscillations were observed during growth indicating layer-by-layer growth mode (growth rate approximately 30-40 seconds per unit cell at a laser repetition rate of 1 Hz). Atomic force microscopy showed that all films exhibited an atomically smooth surface morphology.
For the transport measurements, the samples were cut into 1 × 5 mm 2 -sized bars. Contacts for current injection (I + , I − ) were achieved by Al-wire bonding across the entire width of the sample to ensure a homogeneous current density. Contacts for R xx (V + 1 ,V − 1 ) and R xy (V + 1 ,V + 2 ) measurements in four-point geometry were realized by single wire bonds. The bonding wires provide Ohmic contacts to the interface 2DEG at the edge of the bars, ensuring minimal impact on the current flow. Therefore, good comparability to lithographically obtained Hall bar structures can be assumed. For each measurement, we used a second channel to check homogeneity. The sample geometry is sketched in the inset of Fig. 1a .
III. GROWTH, THERMODYNAMICS, AND DEFECT STRUCTURE
PLD growth involves complex, coupled processes so that the growth conditions can have a large impact on the resulting film and interface defect structure. [44] [45] [46] [47] [48] A variation of the growth pressure in particular can lead to altering oxidation states of the incoming plasma species as well as altering growth kinetics. 49, 50 The cation stoichiometry of complex oxide thin films (here the Nd/Ga-ratio) primarily depends on the applied laser fluence. 44, 47, 48, 51 However, for the particular case of NGO, another important process is evaporation of volatile Ga species from the film. This process is controlled via the growth temperature. 32 Oxidation of Ga enhances its thermal stability. 52 Therefore, we observe an increase of the Ga concentration in the NGO films with increasing growth pressure as revealed by X-ray photoemission spectroscopy.
Although PLD-growth is generally considered a non-equilibrium process, thermodynamic considerations also play an important role. During and after growth, the system strives for a defined equilibrium state involving both ionic and electronic reconfigurations. The growing heterostructure tends to approach as much as possible its equilibrium state that is controlled by oxygen pressure and temperature. 18, 53, 54 For n-type STO, thermodynamics imply a decreasing equilibrium concentration of oxygen vacancies, V •• O , with increasing ambient oxygen pressure (i.e. p dep ), and for an activated Sr-sublattice an increasing concentration of strontium vacancies, V ′′ 53, 55 In n-type STO, strontium vacancy defects are the dominant ionic defect species, increasingly incorporated upon oxidation, as extensively discussed in the literature. 53, 54, [56] [57] [58] [59] [60] [61] Sr vacancies are typically induced via the partial Schottky-equilibrium which is equivalent to the formation of SrO in an oxidizing atmosphere leaving behind a vacant strontium lattice site. 53, 62 In STO, the formation of strontium vacancies exceeds the formation of titanium vacancies which are energetically and kinetically less favorable. 53, 62, 63 Note that cation diffusion in STO is much slower than anion (oxygen) diffusion. On short length scales close to surfaces, however, cation vacancy incorporation can be considerably fast. 56, 61 In the particular case of n-type oxide heterostructure interfaces, it has been found thatsimilar to bulk n-doped STO -Sr vacancies can be induced by thermodynamic equilibrium processes 20, 21 as well as by post-deposition annealing, driving the interfacial Schottky disorder towards equilibrium. 24 As shown in Ref. 24 , Sr vacancy incorporation has a significant impact on the low temperature transport of LAO/STO interfaces, involving resistance increase and the emer-gence of a pronounced resistance upturn.
In summary, for the samples investigated in this study, the processes discussed above should lead to a relative decrease in the number of oxygen vacancies in samples deposited at higher p dep (due to oxidation). In addition, growth kinetics suggest a reduced rate of intermixing of cations between the thin film and substrate at increased growth pressure. 19 Thermodynamic processes yield an increasing effect of disorder induced by intrinsic cation vacancies in STO. 20, 24, 53, 55 As will be shown, this scenario is consistent with the corresponding transport data revealing a systematic decrease in electron mobility at increased growth pressure (sec. IV B).
IV. RESULTS

A. Temperature dependence of Hall characteristics in NdGaO 3 /SrTiO 3 heterostructures
First, we investigate the temperature dependence of the sheet resistance of the NGO/STO interface, R xx , at zero field. For T 10 K, all measured NGO/STO samples showed metallic behavior as depicted in Fig. 1a . Comparing the various samples, R xx shows a general trend over the entire investigated temperature range (2 K − 300 K): The highest resistance is observed for the NGO/STO heterostructure grown at the highest deposition pressure p dep = 1 × 10 −2 mbar, while the resistance characteristics systematically shift towards lower R xx values when decreasing p dep . The residual resistance at low temperatures ( 10 K) ranges from 160 Ω/ at p dep = 4 × 10 −5 mbar to 870 Ω/ at 1 × 10 −2 mbar. For each sample a slight upturn in resistance is observed at low temperatures, while the resistance minimum shifts systematically with p dep from about 4 K for p dep = 4 × 10 −5 mbar to about 10 K for p dep = 1 × 10 −2 mbar (Fig. 1b ). In the literature, this behavior has been termed Kondo-like, while the details of the involved scattering mechanism are still under debate. 5, 64 Fig. 2a shows typical Hall data, in this case obtained for the sample grown at p dep = 1 × 10 −4 mbar at selected temperatures for external fields up to ±13 T. The Hall effect is linear at 300 K and 100 K, while it shows a clear non-linear dependence on magnetic field at 30 K, 10 K, and 2 K. This non-linear Hall effect is attributed to multiple carrier conduction that has been reported both experimentally 16, 65 as well as discussed theoretically 17 for LAO/STO. One origin of this multiple carrier conduction discussed in the literature is the complex band structure of STO comprising light and heavy mass bands crossing the Fermi-level [14] [15] [16] [17] (see Fig. 2b ). At low temper-atures -where interband scattering is generally suppressed due to the required momentum transfer -electrons in these bands act as separated populations contributing to transport with different effective masses, m * i . Alternatively, one may consider that the different carrier populations within the potential well at the NGO/STO interface have different distributions, ρ i , in their distance from the interface (Fig.   2c ). The defect structure is inhomogeneous when traversing from regions close to the interface to regions further away from the interface. 13 This will induce different mean scattering times τ i , leading to different mobilities, µ i = eτ i /m * i , of the various charge carrier populations at low temperatures. As a result of multiple carrier conduction, one derives a non-linear field dependence of the Hall resistance in a semi-classical approach considering two electron populations. The Hall resistance is then given by
This model is used to fit the non-linear Hall data under the constraint
T min = 10 K 
growth pressure (mbar) Here, R K denotes a small Kondo-correction term that may enter into the zero-field resistance, related to the slight resistance increase observed at low temperature. For further analysis, the Kondo-term will be neglected. Note, that any non-zero Kondo-contribution in this boundary condition (taken at B = 0) enters only into the error estimation of the transport parameters (as a function of temperature). It does not affect the anomalous B-field behavior of R xy discussed in the remainder of this study.
Using the high field data only, the two carrier model delivers reasonable fits (dashed lines) to the experimental data obtained for R xy as depicted in Fig. 3a . Both carrier types have electron character.
However, the Hall coefficient, R H = R xy /B, reveals a systematic deviation between the fit and the experimental data observed at low temperatures ( 10 K) around zero field (see Fig. 3b ). As shown in Fig. 3b as well as in the enlarged view in Fig. 4a , R H shows an upturn at low fields.
This unusual feature is evident for fields up to about ±2.5 T and is, thus, clearly distinct from the typical scatter observed in the Hall coefficient near zero field. A similar feature has been observed also for LAO/STO. 15, 16 Within the two carrier (2e) model, R 2e H follows a Lorentzian-like shape with a single minimum at zero field (orange lines in fig. 4a ), so that it does not capture the experimentally observed field dependence of R H at all. Thus, a mere two electron model fails to accurately explain the Hall data observed in our heterostructures at temperatures below about 10 K.
In order to account for the lower-field behavior of the Hall coefficient we incorporate an additional correction term describing an anomalous Hall component indicating the presence of magnetic ordering at the NGO/STO interface. The experimental data is then decomposed as the sum of two contributions, from two-carrier conduction and the AHE:
Here, M z represents a possible magnetization in z-direction present at the NGO/STO interface.
Any spontaneous magnetization is expected to be oriented within the interface plane due to the strong shape anisotropy, as observed in LAO/STO. 9 or in metallic Co thin films. 40, 69 As shown in Fig. 4b As shown in Fig. 5a , a similar anomalous behavior of R H is found for all samples. The width of the anomalous upturn around zero field increases with increasing p dep as indicated by the gray boxes. For the highest growth pressure, the AHE generates a very broad feature that at the lowest temperatures ( 5 K) dominates the R H -characteristics over a wide field range. In this case, our fitting had to be stabilized by keeping one transport parameter, here µ 2 , fixed to its value at 10 K.
For all samples, the suggested model comprising two-electron transport and an anomalous Hall component reproduces the behavior of the Hall coefficient over the entire field range (Fig. 5b) ,
whereas the two-electron model alone fails. The good agreement between the experimental data and the analysis therefore suggests that there are two contributions in the Hall effect at low temperatures: 1) a contribution due to multiple carrier conduction (T 30 K) and 2) a contribution due to the AHE indicating magnetic ordering (T 10 K).
Generally, one may also consider alternative routes other than magnetism to accommodate the observed anomalous feature in the Hall coefficient characteristics. One obvious way would be the consideration of additional electron populations (i.e. n 3 , µ 3 , n 4 , µ 4 , ...) as predicted by Khalsa et al. 17 However, as discussed in Ref. 43 , as many as ten electron populations do not significantly improve the fit to the data -in particular in the low field range. Likewise, field dependent electron mobilities did not reproduce this feature. 43 The inclusion of mobile holes in the fitting is another way to induce an upturn in the Hall coefficient characteristics. However, significant low temperature hole conduction is rather unlikely in STO: even nominally undoped STO naturally comprises a reservoir of ionized acceptor-type impurities. These impurities neutralize at low temperatures and suppress any p-type conduction. 70 Moreover the hole scenario yields unrealistically high hole mobility values, ruling out any p-type conduction in the polar capping layer. 29, 71 The assumption of magnetism, hence, seems the most likely scenario.
As illustrated in Fig. 6a and 6b , the obtained best fits for the parameters n i and µ i are essentially unchanged for the fit including the AHE contribution (open symbols) and without it (filled symbols). This implies that the assumption of an additional term due to the AHE does not contradict or significantly affect the physics of electron transport with multiple electron contributions already discussed in the literature. [14] [15] [16] [17] 65 Using this two-carrier model with AHE, we can now extract the parameters for both the electronic transport and the AHE as a function of the growth conditions. Based on these values we will discuss the possible defect structure, electronic properties, and magnetic properties of the NGO/STO interface in the following section.
B. Behavior of electronic transport for different growth parameters With respect to defect structure, the low temperature regime is especially interesting. As shown in Fig. 6a , the mobility values of both electron populations generally decrease with increasing p dep in agreement with the observed behavior of the sheet resistance (Fig. 1a) . The high-mobility electron population exhibits mobility values between 3000 cm 2 /Vs for p dep = 4 × 10 −5 mbar and 1200 cm 2 /Vs at p dep = 1 × 10 −2 mbar reflecting the typical range reported for LAO/STO heterostructures. 41, 73 Likewise, the low-mobility electron population exhibits mobility values between 500 cm 2 /Vs at a lower p dep and 130 cm 2 /Vs at the highest p dep . Interestingly, the carrier concentrations obtained for the high-mobility population (n 2 ≈ (1 − 5) × 10 12 cm −2 ) are of the same order as the carrier densities typically obtained from quantum oscillations in LAO/STO, 74, 75 strongly suggesting that only this particular high-mobility electron population contributes to quantum transport. However, given the limitations of the two-carrier fitting with the AHE term, as discussed in Section IV. A, we cannot determine a full sub-band picture in the absence of quantum oscillation measurements (which have vanishing amplitude at these high total carrier densities). The µ 2 /µ 1 -ratio (≈ 4 − 6) for a particular NGO/STO interface may be understood in terms of the reported effective masses of the light and heavy mass bands in STO (cf. Fig. 2b ). However, the variation of the electron mobility of a given population as well as the variation of µ 2 /µ 1 from sample to sample can only be understood in terms of a varying defect structure in the interface region. Therefore, the observed decrease of the mobility values with increasing p dep has to be attributed to a varied defect structure in the potential well established during growth. As oxide interfaces generally have to be considered as vertically inhomogeneous systems, effects due to a change in the shape of the potential well (as reported for gated interfaces 65 ) and effects due to distinct defect structures have to be separated. As shown in Fig. 6b , however, the high carrier concentration, and thus the total carrier concentration, n = n 1 + n 2 is rather similar for all samples (∼ (4 ± 1) × 10 13 cm −2 at 2 K). Therefore, the screening length of the potential well (scaling with n −1/2 ) and thus the relative location of the electron gas should be comparable for all samples, assuming a purely electronic picture in which electrons are the majority charge carriers within the well. 76, 77 Hence, the actual defect structure inside the potential well at the NGO/STO interface must differ in the samples grown at different deposition pressure. In particular, the behavior of the low temperature mobility indicates an increasing defect density with increasing p dep (Fig. 7) .
Keeping in mind that growth dynamics in PLD processes change dramatically with p dep , 46 Figure 7 . Schematic of the defect structure at the NGO/STO interface for different p dep based on low-temperature electron mobility and carrier density. The shape of the potential well is assumed to be similar in both cases, while the density of defects increases with increasing p dep . In particular, the concentration of cation vacancies increases for higher p dep , mediated by the Schottky equilibrium. more detailed discussion of the interfacial defect structure -in particular, the character of the STO adjacent to the interface which is most important for electron transport. possibly resulting in acceptor-type Ga/Ti-antisite defects) should be most pronounced. 19 Hence, the dependence on p dep is not consistent with a scenario based on donor-type defects, such as similarly reported in Ref. 79 also for LAO/STO .
In summary, we can therefore rule out that oxygen vacancies are the mobility-limiting defects in our samples (via thermodynamic considerations). Moreover, we can rule out cation intermixing and anti-site defects (via kinetics considerations) as well as the shape of the potential well (given the fixed total carrier density) as responsible for the observed behavior of the electron mobility.
Instead, one has to consider defects arising predominantly at higher p dep and having acceptortype character. The clear defect candidate for this are strontium vacancies. As reported in the literature, 18, 20, 21, 32, 80 these are readily induced at oxide interfaces during growth and annealing procedures, 24 such as indicated e.g. by observation of SrO segregation during growth of LAO (and NGO). 34 The Schottky-equilibrium is active during the PLD growth process, 21, 54, 80 so that the variation of the p dep affects the strontium vacancy concentration present at the NGO/STO interface. In fact, a defect scenario based on the formation of V ′′ Sr is fully consistent with the behavior of µ i as a function of both n i and p dep . 1) V ′′ Sr are increasingly formed upon oxidation at relatively high temperatures which agrees with the decrease in electron mobility for increasing p dep . 2) V ′′ Sr are acceptor-type defects consistent with a decrease in electron mobility for decreasing carrier density. Strontium vacancies may therefore be considered the dominant defects at the interface of samples grown at high oxygen pressure, while oxygen vacancies and cation intermixing are less important here.
Other defects in the NGO thin film itself are expected to have a major influence on the carrier density rather than on the electron mobility which should be affected solely by defects on the STO side of the interface. In particular, cation non-stoichiometry in the polar oxide layer should diminish the interfacial dipole, resulting in a reduced carrier density. 32, 81, 82 Here, however, the total carrier density is primarily unchanged, so that we can exclude a severe effect of non-stoichiometry in our experiments. Nevertheless, we cannot exclude a minor effect caused by a variation of the Ga content in films grown at high p dep . 52 Besides acting as scattering centers, strontium vacancies are acceptor-type charged defects reducing the electron density at the interface. 18, 20 As shown in Fig. 6b , however, only the density of the high-mobility electron population (n 2 ) is significantly reduced in the samples grown at increased growth pressure, while the density of the low-mobility population (n 1 ) is unchanged.
Hence, the sheet concentration of strontium vacancies is likely to vary on the same order of magnitude as n 2 in these samples. This corresponds to a strontium vacancy sheet density in the range of (or below) 1 × 10 12 cm −2 for the sample grown at 4 × 10 −5 mbar, and about 5 × 10 12 cm −2 for the sample grown at 1 × 10 −2 mbar. This result is consistent with previous studies probing the defect chemistry of the 2DEG system in thermodynamic equilibrium. 18, 20, 32 Quantitatively, equilibrium defect chemistry predicts an increase of the strontium vacancy concentration by about one order of magnitude for an increase of the growth oxygen partial pressure by two orders of magnitude (log V ′′ Sr ∝ 1/2 log (pO 2 )) 13,53,55 which is consistent with the observed trend. Given the estimated sheet concentration of Sr vacancies, most of the charge accumulated in the potential well at the NGO/STO interface is accommodated by the electron gas. Only a fraction ( 10 − 20%) of the total charge is compensated by ionic Sr vacancies. Hence, the shape of the potential well at the interface is mainly determined by the mobile electrons. 13 As a result, the interface potential well in our samples remains in comparable shape although the ionic background defect structure varies among the samples, resulting in the observed decrease in electron mobility at increased growth pressure.
C. Scaling of the AHE component with growth parameters
Turning to the AHE contribution, we separate in Fig. 8a the two Hall components, R 2e xy and R AHE xy extracted from the data fit at 2 K for the sample grown at 1 × 10 −4 mbar. R AHE xy (solid line) is only a small contribution to the total Hall resistance (solid red line), while the major part of the Hall voltage drop is due to the conventional two-carrier conduction, R 2e xy (dashed line). The anomalous Hall contribution exhibits opposite sign as the conventional contribution, taking positive values at positive fields and negative values at negative fields, which is similar to the AHE observed in metallic Co. 40, 69 In Fig. 8b , we plot the field dependence of R AHE (Fig. 1a ) and µ i (Fig. 3b ). This is illustrated in Fig. 9 , which plots R AHE 0 obtained at 2 K as a function of the residual resistance R xx , revealing a linear relationship. This scaling behavior is consistent with the general theory of AHE. 36 In particular, a linear scaling indicates an extrinsic anomalous Hall effect, pointing towards a defect-controlled mechanism.
The critical field, B c , at which the AHE component starts to saturate scales with p dep , shifting from about 0.5 T at 4 × 10 −5 mbar to 2.2 T at 1 × 10 −2 mbar (Fig. 3b ). This increase corresponds to the broadening of the anomalous hump observed in the Hall coefficient characteristics (cf. gray boxes in Fig. 5a ). Hence, the external field required to align all apparent interfacial magnetic decreases with increasing temperature vanishing at temperatures between 5 K for the sample grown at p dep = 4 × 10 −5 mbar and 10 K for the samples grown at higher p dep . The critical temperature, T c , for the AHE to arise hence also scales with growth parameters, showing a similar trend as the temperature at which a minimum in the R xx (T ) is observed (cf. Fig. 1a ).
The measurements were repeated using different experimental setups (open and closed symbols in Figs. 8d and 9 ). As shown in Fig. 8d , both the amplitude and the temperature dependence [Ω]
[Ω]
T [K] Fig. 8 ).
temperature. Thus, the observed behavior is consistent with the existence of weakly coupled or ferromagnetic moments at the NGO/STO interface, in agreement with previous reports on magnetism in LAO/STO. 6, 7, 9, 25 The critical temperature for the observation of an anomalous Hall component may then be interpreted as the ordering temperature. The related energy scale, k B T c , is of the order of 0.4 meV − 1 meV indicating a weak coupling of the magnetic moments. In this scenario, the functional form of the Langevin function has only limited physical meaning and serves only as a useful mathematical description consistent with experimental observations. As shown in Fig. 8d , the fitting parameter B c increases with increasing p dep . B c may be connected to the strength of the demagnetizing fields in a particular sample. However, care has to be taken as the absolute values of B c are rather high, perhaps too high to be assigned to demagnetizing fields. Note, however, that also torque magnetometry 6 revealed a torque response at fields of several tesla in LAO/STO, which may be consistent with the high values found for B c in this study.
The systematic trend with p dep found of all AHE parameters, R AHE 0 , B c , and T c again suggests a correlation of electronic-ionic structure and magnetic properties of the NGO/STO interface. As the AHE scales with resistance and electron mobility rather than with electron concentration, it seems that the ionic structure governing the electron mobilities is the most significant factor here. Consequently, the treatment of the AHE as discussed within this study suggest 1) the presence of coupled magnetic moments at the NGO/STO interface arising at temperatures 10 K and 2) tunability of the magnetic properties through the control of the interfacial defect structure.
D. Comparison to other heterostructure systems and the role of intrinsic defects
A special concern for magnetism in oxides is the effect of magnetic impurities mimicking magnetic moments in nominally non-magnetic materials. However, the sole effect of extrinsic impurities cannot explain the systematic trend with growth parameters observed in this study.
Moreover, we observe the largest AHE for the sample with the lowest oxygen vacancy concentration (p dep = 1 × 10 −2 mbar). Thus, a relation of the observed AHE with oxygen vacancies as proposed as the origin of magnetism in LAO/STO 26, 30 is unlikely. Similarly, the formation of anti-site defects 78 should be least pronounced in this sample.
Another aspect is the role of the Nd 4f electrons that carry a magnetic moment 35, 83 and through which magnetism may be induced into the NGO/STO interface either via intermixing or via proximity effects. However, as shown in Fig. 11 , we observe a similar AHE also for LAO/STO and
LGO/STO heterostructures, both of which do not contain Nd. Moreover, the anomalous Hall effect as discussed within this study has been observed in similar magnitude in the absence of Nd-ions in LAO/STO and other STO-based 2D electron systems before. 15, 16, 43 In fact, the AHE does not seem to be significantly enhanced in NGO/STO as compared to other systems not containing Nd.
Hence, a possible proximity effect due to the paramagnetic NGO film adjacent to the conducting interface is not apparent from the Hall data discussed here. Notably the occurrence of the AHE is relatively weak for LGO/STO grown at low deposition pressure (p dep = 4 × 10 −5 mbar, see Fig. 11 ), while it is more significant for the LAO/STO sample grown at higher oxygen pressure (p dep = 1 × 10 −3 mbar). Hence, the observed trend of an increasingly significant AHE at higher deposition pressure is rather independent of the actual polar material deposited on STO.
The increase of the AHE contribution coincides with the increase in defect density as indicated by the decrease in electron mobility (Fig. 10 ). As argued above ( Fig. 7 Hence, we suggest that also the AHE and thus the magnetic properties observed here may be related to cationic disorder. Being an intrinsic property of (n-type) STO, the formation of Sr vacancies is independent of the particular material composition of the heterostructure consistent with the observation of the AHE in the various material systems. However, magnetism in STO is typically related to Ti 3+ states. Hence, as acceptor-type defects, V ′′ Sr should rather reduce the Ti 3+ content at the interface (as observed for the high-mobility channel). Therefore, one would rather expect that such defects have a negative effect on magnetism. In fact, a direct link between cation vacancies and magnetic moment or exchange coupling is not intuitive and details on how cation vacancies may affect magnetism require further verification. Here, we note that this link does not necessarily imply that the cation vacancies themselves directly mediate magnetic ordering. However, there may be an indirect correlation between defects and magnetism, e.g. via the increased scattering rate further localizing the electrons at increased defect density or via mechanical strain induced by vacancies. The later scenario was addressed in a recent report suggesting that strontium vacancies cause a tetragonal distortion of the STO unit cell, which induces magnetism and an associated Kondo-like resistance upturn in n-type STO. 64 The altered magnetic properties of the NGO/STO interface observed in this study may thus be related to a structural distortion, e.g. ionic displacements and buckling or lattice spacing 19, [84] [85] [86] , changing with the cationic defect configuration and growth parameters.
V. CONCLUSIONS
We discussed the electronic and magnetic properties of NGO/STO heterointerfaces as well as their ionic defect structure by analyzing the low temperature transport properties. At temperatures 30 K, Hall measurements revealed the typical non-linear field dependence of the Hall resistance frequently observed in complex oxide heterostructures. This behavior is found consistent with two-carrier transport attributed to contributions of high-mobility and low-mobility electrons. For T 10 K, we find an additional anomalous Hall effect contribution indicating the presence of coupled magnetic moments forming below a critical temperature.
We introduced a general model describing the entire complex B-field behavior of the Hall effect in magnetic electron systems exhibiting an inherently non-linear conventional Hall effect. Based on this model, the magnetic properties of oxide interface 2DEGs can be extracted directly from Hall experiments. Moreover, this modeling can be easily adopted for other complex electronic systems beyond oxide interfaces. For the electronic system at NGO/STO interfaces, the AHE contribution systematically becomes more and more significant with increasing growth pressure, p dep , as indicated by the increased critical temperature, T c , increased critical field, B c , and increased saturation resistance R AHE 0 . All of these parameters are tuned by the growth pressure. In particular, the coupling energy varies on the order 0.4 meV − 1 meV depending on growth pressure, showing that the magnetic moments are weakly coupled and indicating a rather fragile magnetic system.
The observed scalability of the AHE perhaps makes an electronic origin of the interfacial magnetism unlikely. In contrast, it indicates a relation of magnetism and intrinsic defect structure.
However, the observed trend with p dep intuitively contradicts magnetic moments induced via oxygen vacancies.
Based on the conventional transport parameters, µ i and n i , we find an increasing defect density with increasing p dep . This trend again rules out a significant effect caused by oxygen vacancies, cation intermixing, anti-site defects, or a varied carrier distribution. Instead, the observed behavior makes cation vacancies the most likely relevant defects at the interface. Based on thermodynamics, defect-formation through the Schottky equilibrium is hence one important process defining the defect structure at complex oxide interfaces during and after growth. As a quantitative estimate of the sheet density of strontium vacancies, we obtain values between 1 × 10 12 cm −2 and 5 × 10 12 cm −2 depending on the particular growth pressure. The simultaneous observations of 1) the systematic variation of the AHE contribution with p dep and 2) a systematic variation of the ionic defect structure with p dep suggests a correlation between ionic defect structure and magnetism being stabilized in the most defective samples.
Our results show that even at the level of parts-per-million, crystal defects can have significant impact on electron transport and magnetism at complex oxide interfaces. In particular, this study indicates the key impact of cationic defects and vacancies, acting as scatter centers and electron traps as well as source of mechanical strain, on the low temperature transport of oxide interfaces.
The presence of Sr vacancies is a thermodynamical requirement in STO. Therefore, these defects are present in any (high temperature-grown) STO-based heterostructure. The choice of suitable growth (and annealing) conditions is a crucial tool to control their concentration as well as the resulting physical effects.
